Introduction
To look into the future of orthopaedic biomechanics in general we need to understand our past and present. As a professional discipline, Orthopaedic Biomechanics is relatively young and has been diluted by the many subspecialties within the field of bioengineering. Few will doubt the importance of this rather diversified speciality, but many still feel that bioengineering has not and may never be one of the mainstream disciplines either in medicine or in engineering. Medical research is a luxurious undertaking even for many well-advanced countries in Europe and for Japan, and with the present strong move for medical care reform in America and worldwide, it is appropriate to review the current status and future fate of biomedical engineering. This will help us to map out the future strategy worldwide, since government policies in many countries may not include medicine in their priorities for research and development.
Definition and scope of orthopaedic biomechanics
Since biomechanics is only one segment of the vast field of biomedical engineering, it is appropriate to clarify what "bioengineering" entails. Biomedical engineering is "the application of the technology of physical science and engineering to solve the problems involving the living system, with emphasis on the diagnosis, treatment, and prevention of disorders in man." It represents a wide field of endeavours and it involves many disciplines in engineering, medicine and the life sciences ( Fig. 1 ) which are combined to provide the best tool for research and technological development in various areas related to normal human physiology, tissue and organ pathomechanics, treatment and prevention.
Since their human musculoskeletal system provides more than half of all medical and surgical problems, orthopaedic biomechanics and its related areas of expertise deserve special attention. Movement in man or animals involves the distribution of forces in the musculoskeletal joint system through time and space. These forces are of three different types: internally applied forces, internal constraint forces and external forces. Internally applied forces are generated by muscle contractions around the joints to initiate and maintain motion. The internal constraint forces are the passive forces occurring in the ligaments, capsules and joint surfaces. External forces involve gravity, air resistance, ground and other body contact reactions. Since the term "Biomechanics" is frequently misused, it is desirable to define it appropriately. Biomechanics is "the science of studying human cell, tissue, organ and system function using the principles and methods of theoretical and experimental mechanics" which investigates:
a. the patterns of movement of various segments in human and animal bodies, b. the mechanics of fluid exchange and mechanical function of connective tissue under load, c. the effect of internal and external forces on human and animal bodies in motion or at rest, d. the mechanistic theory of modeling and remodeling of biological tissue, e. the design and performance of artificial materials and devices which replace the lost or abnormal tissue, organs or systems.
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Orthopaedic biomechanics also includes fluid mechanics, continuum mechanics, and other disciplines of engineering and physical science.
Orthopaedic biomechanics plays a major role in general biomechanics. The underlying principles and theories are the same regardless of the tissue and fluid involved in the analysis. Biomechanics is perhaps the most progressive and rewarding discipline which apples engineering technology to the solution of biomedical problems. A block diagram helps to illustrate the areas of orthopaedics in which biomechanics has made many remarkable contributions. In nearly all involved subspecialties, it is easy to trace back the long history to discover that biomechanics helped to form the backdrop of human evolution and as the origin of classical mechanics.
Biomechanics in the past
Biomechanics has a longer history than bioengineering. Prehistoric man intuitively applied biomechanical principles to make tools and weapons for survival in a competitive and hostile environment. Objects for tools were chosen to properly fit grasp and body posture. Later, instruments and devices crafted to assist man in farming and other tasks were designed to fit the build of the operator's body and limbs to maximize efficiency. Although these examples are quite rudimentary, they demonstrate the superior intelligence of the human being in utilizing the body and limbs to perform highly sophisticated tasks safely and effectively, the fundamental principle of orthopaedic biomechanics.
The first systematic description of human movement was attempted by Leonardo da Vinci (1452 -1519) in his "Notes on the Human Body." During the Renaissance, Galileo and Newton established the experimental and theoretical basis for the analysis of movement. One of Galileo's pupils, Borelli (1608 -1679) combined the sciences of mathematics, physics, and anatomy in the first treatise dealing with Biomechanics, "DeMotu Animalium", published in 1679 -1680. The scientists of the 18th Century, Bernoulli, Euler and especially Coulomb, tried to mathematically develop a rational formula for the determination of the maximum and optimum working capacity of men as a function of force, velocity and duration of activity.
The third stage of the development of biomechanics research started with investigations of the French School (Marey, Carlet, Demeny, Bull) on human and animal locomotion and bird and insect flight in the second half of the 19th Century. Fischer improved the techniques for the analysis of movement in his papers on biomechanics and in books covering the theoretical basis of the mechanics of the living body and the kinematics of organic linkage. Another good source for studies on biomechanics during this period is the three volumes by Fick entitled, "The Handbook of Anatomy and Mechanics of Joints," and the four volumes of "Textbook of Muscles and Joint Mechanics" by Strasser.
The effectiveness of human movement was given little attention until Taylor started his scientific analyses to improve human methods of work in 1881. F. Gilbreth and Dr. L. Gilbreth in their book, "Applied Motion Study," presented an excellent example of the proper methods for studying and improving human work. The work of the Gilbreths was continued by Barnes, Holmes and Porter. A good review of the studies conducted in biomechanics up to the year 1914 is given by Amar in his famous book, "The Human Motor." The Russian contribution to biomechanics was initiated in 1922 under the direction of Bernshtein. By 1950, Bernshtein and his pupils (Popova, Spielberg and Sorokin) had published many papers and books on work and sports motion. In 1926 Bernshtein published the first part of an exemplary treatise, "General Biomechanics."
Impetus was given to biomechanical research during the two world wars. During World War I and shortly thereafter, studies aimed at improving prosthetic devices were performed in France by Amar and in Germany by Schlesinger. Similar studies were conducted extensively in the U.S.A. after World War II by Eberhart and Inman in California and Contini and Fishman in New York. The work of Wolff, Roux, Pauwels and many others in Europe during this same period planted the seeds which helped to shape many exciting biomechanical investigations today. All this work laid down the foundation and stimulated enthusiasm for the development of modern biomedical engineering.
Biomechanics in the present
From the early sixties the study of biomechanics has diverged into many different areas in orthopaedics, traumatology and rehabilitation. The degree of sophistication involved has increased to the extent that only those who are well-trained in engineering, mechanics and mathematics can cope with the depth and breadth of the entire field. Like every other branch of science, the field of bio-mechanics is becoming much more specialized. Even within the domain of orthopaedic biomechanics, specific branches have developed, with each branch comprising specialized expertise to pursue their very subtle and specific objectives.
Biomechanics is no longer a minor topic that surgeons and medical scientists use only for academic advancement or the acquisition of grants. Biomechanical studies provide knowledge for improving the methods and devices used for the care of patients with musculoskeletal problems. Biomechanics is a profession with its own special culture and identity. The discipline requires many talented people, the best in their own fields, working together to realize demanding goals and is regarded as one of the mainstreams of both mechanics and mechanical engineering. Biomechanical considerations have spanned a wide range within medicine and surgery. Not only is current technology being fully utilized, but biomechanicals engineers are challenging the existing technical capabilities in imaging, modeling, computing, material testing, robotics, micro-instrumentation and other fields which will lead to exciting future developments.
Biomechanical engineers have contributed enormously to orthopaedics and traumatology, not only in the basic understanding of the structure, mechanics and function of the musculoskeletal joint system, but also in the design of instruments and devices directly related to patient care. As a discipline, biomechanics has notably improved the confidence of orthopaedic surgeons and traumatologists and, therefore, improved the quality of clinical outcomes. With material scientists they are responsible for making the orthopaedic device industry a multi-billion dollar business during the last two decades.
A few examples will serve to illustrate this:
Determination of muscle and joint forces
With the development of the concept of Inverse Dynamics and the methods for solving redundant problems using the optimization technique, the loading conditions applied to the musculoskeletal system can now be reliably defined.
Normal and abnormal function of articular cartilage
The use of biphasic theory is a key advancement in understanding the mechanics and function of joint cartilage under dynamic loading. This theory is currently being expanded and applied to other connective tissues in which the fluid phase plays a pivotal role in normal joint function.
Tendon and ligament structural remodeling
The structure and mechanical properties of normal and abnormal tendons and ligaments have been extensively studied using physiological loading experiments and in vivo measurements. Most notable is the discovery that remodeling of the structural composition and mechanical properties varies with functional loading conditions.
Bone repair and remodeling under mechanical influence
The interaction between mechanical stress/strain and cellular response has been modeled and experimentally observed. The working hypothesis here can lead to the concept of tissue engineering in musculoskeletal joint system reconstruction.
Joint prosthesis design, testing and retrieval analysis
The use of Finite Element Analysis and bench testing are responsible for the current success rates in total joint replacement. Analysis of retrieved failed and successful implants has helped to further advance the technology in this field. With improved methods of fixation, bone and soft-tissue prostheses segmental bone replacement has become the treatment of choice in many limb sparing procedures for tumours, trauma, metabolic abnormalities or revision of failed total joint replacement.
The use of external fixation devices in fracture management and limb deformity
Extensive studies of the mechanical performance of external fixators have led to design modifications which improve clinical application. Tissue responses during fracture healing and limb lengthening have been evaluated to introduce mechanical stimulation for enhancement of remodeling.
The use of computer modeling and simulation analysis for the planning of osteotomy about the knee
Simplified joint contact pressure analysis and interactive computer graphics have been used to plan knee osteotomy. The osteotomy type, wedge location and magnitude can be determined based on the analysis of the deformity and of the load axis of the lower limb. This concept has also been applied to the proximal femur, the pelvis and the wrist, shoulder and ankle joints.
These, and many other achievements made by biomechanical engineers, are responsible for making orthopaedic surgery the most advanced surgical subspeciality, with unparalleled improvement in clinical care of patients, basic research, personnel training and education. Significant advancement has occurred of the basic understanding and treatment of nearly all musculoskeletal diseases and trauma because of the impact of the discipline of biomechanics. As a result, new directions of research are being actively pursued including cumulative trauma disorders, low back pain, trauma and sports-related injuries and osteoporosis.
Biomechanical engineers are now well accepted by clinical departments with full recognition in research and education, with some sharing administrative duties. They are also involved in direct patient care and the making of health care policy. These remarkable accomplishments reflect the exciting and bright future for biomechanics. This optimism is justified from both the scientific and economic points of view as engineers have always been regarded as problem solvers with reliable, accurate and, most importantly, affordable solutions to basic science and clinical problems. With the rapid advances in biomedical research it is essential to keep the engineering aspect in mind in order to transfer remarkable research achievements into practical and reliable products for patient care under the current economic constraints.
The future of biomechanics in orthopaedics
Although biomechanics as a discipline has been well accepted within medicine and biology, it is important to recognize that it is still a vulnerable field within the traditional realm of medicine and surgery. Certainly, most biomechanical engineers will no longer be treated as highly trained technicians. However, issues related to patient care and management are the primary responsibility of physicians and surgeons. The current changes in the management of health care make it unlikely that clinicians will be able to spend time on research and development, especially in technically demanding areas such as biomechanics. Biomechanical engineers will be given the opportunity to take positions of leadership in addressing the needs of surgeons within various subspecialities of orthopaedics and traumatology. Keen competition with the more traditional medical sciences such as biochemistry, molecular biology, physiology and pharmacology will always exist, and hence the optimistic outlook for orthopaedic biomechanics depends upon proper selection of its role and emphasis, as well as on the optimal utilization of its current status and resources.
Bioengineers must plan and react properly to the changing times. They should be prepared to use the proper technology for the tasks assigned to them, and realize that there are urgent and relevant problems which require high priority and immediate attention. The engineering profession emphasizes the issue of cost versus benefit ratio which must be applied to biomechanical research and development. Bioengineers should be exposed to the clinical or surgical aspects of the problem so that proper perspectives can be placed on their contribution to the overall solution, and they should be involved in the actual delivery of patient care when possible.
There are unlimited opportunities within orthopaedic biomechanics in the future. Among the many exciting areas of development for the 21 st century, several emerging technologies have enormous potential including:
1. the use of virtual reality biomechanical models for simulation and animation of musculoskeletal system function as a tool for research, patient care and education, 2. computer-aided pre-treatment planning in reconstructive surgery and rehabilitation, 3. robotic assisted surgery and rehabilitation, 4. telemedicine and telesurgery services to remote areas and isolated sites for medical emergency or trauma, and 5. development of artificial intelligence and expert systems for medical training, public education and patient management.
The field of medicine, especially surgery, contains the intangible elements of art and skill and many aspects of its practice cannot be quantified in scientific terms. Unexpected complications and intraoperative variations demand prompt and meticulous action by the surgeon. Such simulation would be nearly impossible to incorporate into a computer algorithm for robot control. However, in musculoskeletal joint system, many methods of treatment depend on mechanical factors such as dimensions, geometry, forces, pressures, etc. Dynamic simulation using digital imaging graphic models would appear to be a natural fit to our critical needs related to pre-treatment planning. Medical robots and computer-aided procedures can assist orthopaedic surgeons and traumatologists to carry out sophisticated treatment with consistent outcomes. In remote and inaccessible regions of the world, casualty management can be carried out using the technology of telemedicine and telesurgery. Finally, biomechanicians and orthopaedic surgeons have been working on quantifying mus-cle and joint forces and bone stresses under both static and dynamic conditions for years, but rarely could the analyses be performed in parallel nor could we see the results together with a realistic model depicting the system under investigation. With the help of these existing technologies, we will be able to achieve all these goals, including Visualization of Biomedical Computation. If medical robots, virtual reality modeling, computer-assisted surgery and preoperative planning, telemedicine and telesurgery can play important roles in future patient care, their proper scope and relevant areas of application must be carefully evaluated and scrutinized. These new charges for biomechanicians must be undertaken in order to assure relevant and effective application of new engineering technology to medicine and surgery.
Modern medicine and surgery are notoriously expensive and only those with elite status and large financial resources can afford unlimited health care. The future of the health care system will be subject to strict scrutiny. We will face many problems ahead and should be prepared for the challenge. As a discipline, biomechanics should not to be blamed for contributing to the escalating cost of medical care. Instead, biomechanical engineering should be regarded as the vital profession to make current and future advances in medical research and technology affordable to all! Discussion and summary Engineers have been involved with the delivery of health care to mankind for many years. They have contributed in designing and fabricating facilities for the mass production of devices and instruments used in maintaining health. However, such influence has been vicarious, since the direct responsibility and authority for medical research and patient care has traditionally been left to life scientists and medical practitioners. In recent years it has been constantly demonstrated that engineers have much to contribute to biomedical research. Biomechanicians, life scientists and physicians have teamed together and functioned with a combined effort in many interdisciplinary fields of endeavour. The results have significantly outdistanced the sum of all the individual efforts. Significant portions of the scientific body of knowledge related to biomedical professions have been explained, translated and advanced by bioengineers and material scientists for practical applications.
Simultaneously, many nations have become socially conscious and actively address issues related to care of patients worldwide. We are aware that only a small fraction of the entire world population receives adequate health care. The costs of medical services are escalating beyond reach of all but the affluent. These conditions have resulted in high demands for the application of engineering technology to improve the availability of medical service while reducing the cost. This is indeed a tall challenge that bioengineers must face.
Medical practitioners are keenly aware of the fast advancing technologies in other professions and are contemplating adopting these new techniques to solve their clinical problems. However, their adoption requires specialized individuals to apply them effectively and appropriately. Collaboration between the different professions is essential to adopt the proper technology to solve clinical problems at a price our society can afford. The duty of bioengineers is to explain and advise our medical counterparts on the application of available technology to solving clinical problems. It is wrong to mislead our medical colleagues with description of only the technological merits.
It is practically impossible for an individual to master the knowledge of distinctly different professions such as orthopaedic medicine, surgery, rehabilitation, mechanics and computer science. Thus, a team approach to the problem becomes necessary. To enhance the success of such practice, it would be helpful to provide the partners involved with the fundamental concepts and knowledge required for the problem and its relevant solution. Even for the physicians who are not engaged in research activities, exposure to other disciplines is necessary to help them fully absorb current literature, collaborate with colleagues, and select and judge newly developed medical technologies. Hence, communication and education are the key factors to enable biomechanical engineers to enhance their credibility in the fields of medicine and surgery. The development of virtual reality biomechanical models through simulation and animation can successfully fulfill this requirement.
Biomechanical engineers and material scientists have a lot to offer to orthopaedics and traumatology in research, development and in health care delivery. The future of orthopaedic biomechanics should be brighter than ever! However, we must be aware and sensitive to the problems ahead and carefully overcome these barriers in order to accomplish our goals of serving the patients and the medical community worldwide!
